Serine palmitoyltransferase (SPT, EC 2.3.1.50) is a key enzyme in sphingolipid biosynthesis and catalyzes the decarboxylative condensation of L-serine and palmitoyl coenzyme A to 3-ketodihydrosphingosine. We found that the gram-negative obligatory aerobic bacteria Sphingomonas paucimobilis EY2395
INTRODUCTION
Sphingolipids are ubiquitous membrane components having a backbone structure called long-chain base (LCB) which is N-fatty acylated and linked to various polar head groups.
In eukaryotes, sphingolipids such as sphingosine, sphingosine-1-phosphate, and ceramide are known to play important roles as second messengers in various cellular events including proliferation, differentiation, senescence, apoptosis, and immune response (1) .
Serine palmitoyltransferase (SPT: EC 2.3.1.50) catalyzes the pyridoxal 5'-phosphate (PLP)-dependent condensation reaction of L-serine with palmitoyl coenzyme A (CoA) to generate 3-ketodihydrosphingosine (KDS). This reaction is the first committed step in sphingolipid biosynthesis, utilizing substrates that are shared by other metabolic pathways, and has an activity lower than those of other enzymes involved in sphingolipid biosynthesis.
Therefore, SPT is thought to be a rate-determining enzyme in the sphingolipid synthetic pathway and, accordingly, a key enzyme regulating the cellular sphingolipid content (2).
Eukaryotic SPTs have been known as membrane-bound proteins, enriched in the endoplasmic reticulum (ER) with their catalytic sites facing the cytosol (3) . Genetic studies have shown that two different genes, LCB1 and LCB2, are required for SPT activity in the yeast Saccharomyces cerevisiae (4−6) . Subsequently, mammalian homologues of the LCB genes from mouse, human and Chinese hamster ovary (CHO) cells have also been reported (7−9). 4 is, however, no biochemical explanation for the regulation mechanism of the SPT reaction at present. The purification of the native form SPT from any eukaryotes has not been successful because of the extremely low content and instability of this enzyme. We, too, tried to construct the expression system of the mouse SPT complex in E. coli (12) . Affinity-tagged forms of mouse LCB proteins lacking the membrane-anchor regions were co-expressed in E.
coli as partially soluble proteins, but the purified SPT complex did not show enzymatic activity.
As the only achievement, Hanada et al. obtained an active SPT complex from the CHO cell mutants expressing a hexahistidine-tagged LCB1 protein (11) . However, it is very difficult to obtain a sufficient amount of the active enzyme for detailed enzymological analysis from such purification sources.
Although sphingolipids are not typical membrane constituents in prokaryotes, there are some exceptions. In strict anaerobes such as the genera Bacteroides, Porpthyromonas and Prevotella, high levels of sphingolipids were found; in some species their contents in the total extractable lipid came to 70% (13, 14) . It has been reported that Bacteroides melaninogenicus contains a water-soluble SPT, but the purification of this enzyme was not successful (15) . The gram-negative obligatory aerobic bacteria Sphingomonas and Sphingobacterium are the genera whose lipid composition and structure of their sphingolipids have been investigated most extensively (16, 17) . In cells of Sphingomonas paucimobilis, the lipopolysaccharide in their outer membrane is completely substituted by sphingoglycolipid, and its proposed structure is 1-O-D-glucuronosyl-2-N-2'-hydroxymyristoyldihydrosphingosine (glucuronosyl ceramide) (18, 19 The library was constructed as follows: A genomic DNA from S. paucimobilis was partially digested by Sau3AI, 2.5-to 3.5-kb fragments were agarose-gel purified and ligated into BamHI-digested pUC118, and these constructs were used to transform E. coli JM109.
Labeling of the probe and detection of hybridized fragments were performed using the BcaBEST™ labeling kit (TaKaRa, Kyoto, Japan) and Quick-Hyb® hybridization solution (Stratagene), respectively. Twelve positive clones of the first screening were isolated.
Restriction mapping and partial sequencing revealed that all 12 clones were derived from the same gene. The complete DNA sequence was determined for both strands of the three longest clones.
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Gel filtration. The enzymes were applied to a Superose™ 12 and fractionated at a flow rate of 0.5 ml/min with an FPLC system. Bovine pancreas ribonuclease A (M r nm for the PLP form of the enzyme. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with an SDS-Tris system using 10% polyacrylamide gel according to the procedure described by Laemmli (22) .
RESULTS

SPT activity in S. paucimobilis and S. spiritivorum. S. paucimobilis and S.
spiritivorum contain a large amount of sphingolipids as their cell component (16, 17) , and 1 0 thus sphingolipid biosynthetic enzymes have been expected to exist in these bacteria. Cellfree extracts (100,000 × g supernatants) prepared by sonication of cells of these strains were examined for SPT activity by incubation with [
14 C]-serine and unlabeled palmitoyl CoA.
The lipids were extracted and subjected to TLC analysis. Some radioactive products were detected for each extract (Fig. 1) . One of these products was indistinguishable in migration from KDS formed by mouse liver microsomes. Cell-fractionation experiment
indicates that the SPTs of these bacteria are water-soluble enzymes (Fig. 1) . Because the extracts of S. paucimobilis showed higher SPT activity than that of S. spiritivorum, S.
paucimobilis was selected as the starting material for the purification of SPT.
Purification of SPT from S. paucimobilis. The enzyme was purified to
homogeneity by five steps of column chromatography. As shown in Fig. 2 , the purified SPT showed a single protein band with an apparent M r of about 50,000 on SDS-PAGE.
Cell-free extracts of S. paucimobilis contain a large amount of yellow pigment, which was very difficult to remove by the initial two hydrophobic column chromatographies. Table I summarizes the purification of SPT from the S. paucimobilis extract. About 350 µg of the protein could be obtained from 6 liters of S. paucimobilis culture. The purification yield was reproducibly over 100% probably because some coexisting inhibitory materials were removed as the purification proceeded. The purified enzyme could be stored at 4˚C in sterile capped vials for up to 2 months in a 20 mM Tris-HCl buffer (pH 7.5) without loss of activity.
Physical Characterizations. The M r of the purified enzyme was estimated to be about 90,000 by gel filtration. Electrospray ionization mass spectrometry (ESI-MS) gave a signal at m/z 44,916. These results show that the native SPT from S. paucimobilis has a dimer structure composed of two identical subunits. The purified SPT had an absorption spectrum with two peaks at 338 and 426 nm other than the protein absorption peak at 278 1 1 nm in 50 mM HEPES-NaOH (pH 7.5) containing 0.1 mM EDTA (Fig. 3) . These absorption peaks are characteristic of PLP enzymes, which contain the cofactor bound to the ε-amino group of a lysine residue in the active site (23) . The addition of serine to the enzyme gave rise to an intense absorption band at 426 nm and a less intense band at 338 nm,
indicates that 338 nm absorption represents the active species and that the external aldimine complex was formed. (Table II) . (Table III) . The unsaturated bond of the acyl chain of CoA analogs did not significantly influence the SPT activity. The activity-chain length profile showed a bellshaped pattern, which peaked around C 16 .
Catalytic Properties and Substrate
Kinetic Parameters of Native SPT. Steady-state analysis of the purified SPT was carried out. The kinetic parameters for SPT were determined with respect to serine and palmitoyl CoA. As shown in Fig. 4 , the experimental data were analyzed according to the Ordered Bi Bi mechanism (24). The K m values for serine and palmitoyl CoA were 4.2 mM and 0.87 mM, respectively, and the k cat value was 140 min −1 (Table IV) . Sequence Comparisons. The non-redundant databases at the National Center for Biotechnology Information were scanned for amino acid sequences similar to the S.
Cloning of the SPT
paucimobilis SPT sequence using the BLAST algorithm (25) . The predicted S.
paucimobilis SPT protein is related to proteins grouped as the α-oxamine synthase family.
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This gene family includes eukaryotic SPT subunits, 5-aminolevulinic acid synthase (ALAS) in heme biosynthesis, 8-amino-7-oxononanoate synthase (AONS) in biotin biosynthesis, and 2-amino-3-ketobutyrate CoA ligase (KBL) in the threonine utilization pathway, all of which catalyze chemically similar reactions using the cofactor PLP (26 -30) . The amino acid sequence alignment of S. paucimobilis SPT and mouse LCB1 and LCB2 proteins is shown in Fig. 6 . Overall sequence homology is found between these proteins except for the Nterminal transmembrane region of mouse LCB proteins. SPT has 27% identity and 48% similarity with mouse LCB1 and 31% identity and 49% similarity with mouse LCB2. Fig.   7 shows the amino acid sequence alignment of S. paucimobilis SPT and three prokaryotic enzymes in the α-oxamine synthase family. There are 33% amino acid identity and 56% similarity between SPT and AONS of Bacillus sphaerious, 33% identity and 54% similarity between SPT and KBL of Bacillus subtilis, and 36% identity and 55% similarity between SPT and ALAS of Agrobacterium radiobacter.
Expression of the SPT Gene in E. coli. In order to construct the expression system for S. paucimobilis SPT in E. coli, the internal NdeI restriction site ( 334 ATGCAT) of SPT1 was changed to ATGCAC without changing the codons by site-directed mutagenesis, and the new restriction sites, NdeI and HindIII, were introduced to SPT1 at the translation initiation and termination sites, respectively, by PCR. The modified SPT1 was ligated into a pET21b vector, and the recombinant plasmid was used to transform E. coli BL21 (DE3) pLysS cells. The SPT produced was functional, and the product amounted to about 10-−20% of the total protein in the crude extract of E. coli. Because of the overproduction of the protein, the expressed SPT would be partially in the apo form, but it could be converted to the holoenzyme by addition of PLP to the cell lysate. The recombinant enzyme was purified to homogeneity using DEAE-Toyopearl, Butyl-Toyopearl, and hydroxyapatite column chromatographies. The recombinant SPT provided a 50-kDa band on SDS-PAGE 1 4
(data not shown). The N-terminal sequence of the purified enzyme, Thr-Glu-Ala-Ala-Ala-, agreed with that of the native enzyme. Thus, the first methionine of the recombinant SPT was similarly removed by proccessing. The purified SPT showed a peak with m/z = 44,899 on ESI-MS, which is in agreement with the native SPT within experimental error.
The catalytic properties of the recombinant SPT was the same as that of the native SPT;
there is no significant difference between the two enzymes in their steady-state kinetic parameters (Table IV) .
DISCUSSION
Because large scale cultivation of strict anaerobic bacteria is difficult and the unsuccessful purification of the B. melaninogenicus SPT has already been reported (15), we searched for aerobic bacteria containing sphingolipids and chose S. paucimobilis as an alternative purification source. S. paucimobilis contains sphingolipids which form more than 30% of the total extractable lipid (16, 19) . There is a report that 14 C-labeled fatty acids or amino acids were incorporated into the sphingolipids of S. paucimobilis (31) .
These findings suggest the possibility for this bacterium to contain SPT.
The most important finding is that the S. paucimobilis SPT is water-soluble and is a dimer composed of two identical subunits. All the eukaryotic enzymes examined so far are melaninogenicus has been reported to be significantly inhibited (15) . The inhibition by high concentrations of palmitoyl CoA, which has been observed for the eukaryotic enzymes, was not detected in S. paucimobilis SPT (Fig. 4) as well as in the B. melaninogenicus enzyme (11, 15, 32) .
The substrate recognition of S. paucimobilis SPT was not so strict, especially for the acyl CoA substrate, compared to the eukaryotic enzymes (11, 32) . This observation might reflect the difference in the biological functions of sphingolipids between prokaryote and eukaryote. In eukaryotes, because sphingolipid metabolites take part in the intra-and intercellular signal transduction pathways, it would be necessary to regulate strictly their chemical structures and amounts by the synthetic enzymes. On the other hand, such physiological functions are not known for bacterial sphingolipids.
As shown in Table II We have succeeded in construction of the overproduction system of SPT in E. coli.
The growth rate of E. coli was not inhibited even after the expression was induced, and the SPT overproduced was catalytically active. Until now, it has been thought that the toxicity of KDS, the reaction product of SPT, is one of the reasons why the expression system of SPT in E. coli cannot be constructed. However, the present results imply that KDS is not toxic to the E. coli host, or it is rapidly metabolized. The recombinant SPT was Triangles mark the residues corresponding to identified residues in the active site of E. coli AONS. 
